In 2013, three populations of perennial ryegrass (Lolium perenne) and two populations of Italian ryegrass (L. multiflorum) from five vineyards in New Zealand were confirmed to be resistant to glyphosate. The level of resistance in four populations was almost 10-fold while one population of perennial ryegrass (Population O) had a level of resistance greater than 30-fold. Quick tests for confirming the presence of glyphosate in ryegrass plants have been developed. Molecular and physiological investigations showed that there was restricted herbicide translocation in all studied populations and Population O also had a modification at Pro-106 of the EPSPS enzyme. It was also found that the restricted herbicide translocation can be suppressed under cool conditions. Further studies also showed that the gene causing restricted herbicide translocation could be readily transferred through pollen, and the gene was partially dominant. All glyphosate resistant populations were also resistant to glufosinate, and three of the populations were also resistant to amitrole.
Glyphosate is a very important herbicide because it can control a wide range of both dicotyledonous and monocotyledonous weeds in agricultural and non-agricultural situations, yet is inactivated on contact with soil (Powles 2008) . Glyphosate primarily prevents production of the aromatic amino acids tyrosine, phenylalanine and tryptophan (Herrmann & Weaver 1999) by inhibiting the enzyme 5-enolpyruvoylshikimate-3-phosphate synthase (EPSPS) within the shikimate pathway (Steinrucken & Amrhein 1980) . The evolution of resistance to glyphosate was thought to be unlikely Glyphosate-resistant Italian ryegrass and perennial ryegrass in New Zealand -a review H. Ghanizadeh 1 , K.C. Harrington 1 and T.K. James (Bradshaw et al. 1997) and no glyphosate-resistant weeds were reported during the first 15 years of glyphosate application (Sammons & Gaines 2014) . However, the first case of glyphosate resistance was found in Lolium rigidum from Australia (Powles et al. 1998 ) and since then, evolution of resistance to glyphosate has been confirmed in over 30 weed species globally (Heap 2015) . In New Zealand, glyphosate has been used to control weeds in agriculture, vineyards, orchards, roadsides, railways and urban areas for many years (Harrington et al. 2014) . In 2013, it was confirmed INTRODUCTION that glyphosate resistance has evolved in Italian ryegrass (Lolium multiflorum) and perennial ryegrass (Lolium perenne) populations from New Zealand vineyards (Ghanizadeh et al. 2013) . Since then investigations have been conducted in order to elucidate the mechanism(s) of this glyphosate resistance, the heritability of the resistance and also the pattern of cross-resistance to other herbicides.
The objective of this review is to provide a brief report on the current state of knowledge regarding glyphosate resistance in these ryegrass populations from New Zealand.
RESISTANCE TO GLYPHOSATE IN LOLIUM SPECIES
The New Zealand glyphosate resistance cases reported in 2013 involved two populations of perennial ryegrass (Populations J and O) and two Italian ryegrass populations (A and P) from four separate Marlborough vineyards, and also a perennial ryegrass population (N) from a Nelson vineyard (Ghanizadeh et al. 2013) . Dose response testing showed the level of resistance to glyphosate was similar among four of the populations (A, P, J and N) and was approximately 10-fold. However, one of the perennial ryegrass populations (Population O) showed a level of glyphosate resistance significantly higher than the other populations, and was estimated to be almost 30 times more resistant to glyphosate than a susceptible population (Population SP).
Evolution of glyphosate resistance in both of these ryegrass species has also been reported from overseas (Heap 2015) . The spraying history of the vineyards where the five resistant populations were collected showed that glyphosate had been the main herbicide applied at least 2-3 times annually for at least 10 years prior to the resistance being detected. Thus, continual applications of glyphosate has selected for glyphosate-resistant ryegrass. Other cases of resistance may currently be evolving as glyphosate is often used in a similar manner in New Zealand in other vineyards, orchards, road-sides and urban areas.
It was considered important to develop techniques for rapidly detecting resistance to glyphosate to monitor any further resistance. Three tests were developed for detecting glyphosate resistance in ryegrass, namely a seed test, the shikimic assay and the tiller dip assay (Ghanizadeh et al. 2015a) . Each test successfully and rapidly discriminated glyphosate-resistant plants from susceptible ones. Results of the tests agreed with the results from sprayed potted plant tests, which is the conventional method for detecting herbicide resistance in weeds. The seed test involved germinating seeds in dilute solutions of glyphosate, whereas the shikimic assay and tiller dip assay could be used to test vegetative plants collected from the field without the need to wait for seed production.
MECHANISMS OF GLYPHOSATE RESISTANCE
Several different mechanisms of resistance to glyphosate have been reported in other countries, and the level of resistance in weeds depends on the mechanism involved (reviewed by Beckie (2011)). The similar levels of resistance among four of the New Zealand populations suggested a similar mechanism of resistance to glyphosate while the other population (O) was assumed to have evolved a different mechanism of resistance. Both target site and non-target site mechanisms of resistance have been found to confer glyphosate resistance in weeds (Powles & Yu 2010) . Two possible mechanisms of glyphosate resistance were investigated based on previously published work from overseas (Sammons & Gaines 2014) , namely a target site mutation at position Pro-106 of EPSPS and restricted herbicide translocation for both perennial ryegrass (Ghanizadeh et al. 2015b) and Italian ryegrass (Ghanizadeh et al. 2016) . Partial sequencing of the EPSPS genome revealed that of the five populations, only Population O had the target site mutation at the Pro-106 position. Investigations of restricted herbicide translocation using radiolabelled glyphosate in four populations (Populations A and P of Italian ryegrass, and Populations J and O of perennial ryegrass) showed that both resistant and susceptible plants absorbed similar amounts of glyphosate. However, significantly more of the absorbed radiolabelled glyphosate was retained in the treated leaf blade of all glyphosate-resistant ryegrass plants studied compared with susceptible plants, whereas significantly more of the absorbed radiolabelled glyphosate was translocated to the pseudostem region in the susceptible plants. Population O was shown to have both the target site mechanism of resistance and the restricted herbicide translocation mechanism. Having two mechanisms of glyphosate resistance may explain the higher level of glyphosate resistance within Population O compared to the other glyphosate-resistant populations. Restricted herbicide translocation has been reported as the most common mechanism of resistance to glyphosate (Sammons & Gaines 2014) . Restricted herbicide translocation has been reported in Lolium rigidum (Wakelin et al. 2004) , Conyza canadensis (Feng et al. 2004) , Lolium multiflorum (Michitte et al. 2007) and Sorghum halepense (Riar et al. 2011) .
In glyphosate-resistant Conyza canadensis, the restricted herbicide translocation mechanism of resistance resulted in a massive sequestration of glyphosate within vacuoles shortly after herbicide application in contrast to susceptible plants (Ge et al. 2010) . Glyphosate vacuolar sequestration has also been observed for glyphosate-resistant Lolium spp. with the restricted herbicide translocation mechanism of resistance (Ge et al. 2012) . Membrane-associated transporters are considered to have a role in shifting glyphosate from the cytoplasm to vacuoles (Yuan et al. 2010; Ge et al. 2014 ). Interestingly, Ge et al. (2011) found that vacuolar sequestration of glyphosate is suppressed at cool temperatures. Ghanizadeh et al. (2015c) investigated the effect of temperature on glyphosate resistance in one population of perennial ryegrass (Population J), and found that when treated at a mean temperature of 9°C, the resistant plants became sensitive to glyphosate applications. Thus glyphosate resistance in Lolium spp. from New Zealand could be due to the vacuolar sequestration of glyphosate. Ghanizadeh (2015) showed that the glyphosate resistance gene in both ryegrass species can be transferred via both pollen and ovules, because the progenies from crossing resistant with susceptible populations were resistant to glyphosate. It was also noted that the glyphosate resistance gene in ryegrass has incomplete dominance because the level of resistance to glyphosate in the reciprocal F 1 families was found to be intermediate between original resistant and susceptible populations (Ghanizadeh 2015) . The mode of inheritance of glyphosate resistance in a population of Lolium rigidum from Australia with restricted herbicide translocation was also reported to be incompletely dominant (Lorraine-Colwill et al. 2001 ). This has also been reported for Conyza canadensis in the USA (Zelaya et al. 2004 ).
HERITABILITY OF GLYPHOSATE RESISTANCE TRAIT

THE PATTERN OF RESISTANCE TO OTHER HERBICIDES
A preliminary experiment was conducted to evaluate resistance to other herbicides used in vineyards, on all five glyphosate-resistant populations of ryegrass (Ghanizadeh 2015). All glyphosate-resistant populations survived the recommended rate of glufosinate and three populations also survived the recommended rate of amitrole. These results indicate possible cross-resistance. Further investigations using two dose-response experiments on one population of Italian ryegrass (Population A) and two populations of perennial ryegrass (Populations J and O) confirmed that these glyphosate-resistant populations were also resistant to glufosinate and amitrole (Ghanizadeh et al. 2015d ). The mechanisms of amitrole and glufosinate resistance in ryegrass are not currently known, and so any possible links of amitrole and glufosinate resistance to the mechanism of resistance to glyphosate (restricted herbicide translocation) are not understood. Preliminary work has shown that all glyphosate resistant populations are still susceptible to ACCase-inhibitor herbicides, especially haloxyfop (Ghanizadeh 2015). Haloxyfop has not yet been registered for use in vineyards in New Zealand, though it would be a useful option for controlling glyphosate-resistant Italian ryegrass and perennial ryegrass in situations other than vineyards where the herbicide is permitted to be applied. Registration for clethodim in vineyards has been sought as this herbicide is also effective.
CONCLUSIONS AND DISCUSSION
As glyphosate application is the cheapest and most effective way to control weeds in many situations, it would be difficult to convince users of glyphosate to adopt other methods of weed control. However, the evolution of glyphosate-resistant ryegrass is an example of the consequences of over-reliance on glyphosate. Although glyphosate resistance has only been confirmed for two weed species in New Zealand to date, there is a strong likelihood that glyphosate resistance has evolved in other weed species in this country. The likelihood of glyphosate-resistant weeds applies not only to vineyards but also to wherever glyphosate is being used continually.
Restricted herbicide translocation has been found to be the mechanism of glyphosate resistance within all currently-known glyphosate-resistant populations of ryegrass in New Zealand, although one population also had target-site resistance. However, it seems this mechanism of resistance loses its efficacy under cooler (winter) temperatures. A practical option is to spray any glyphosate-resistant ryegrass while temperatures are still cool, as this is when these glyphosate-resistant ryegrasses appear more susceptible to glyphosate. Field trials are required to confirm the susceptibility of these glyphosate-resistant ryegrasses to glyphosate applied during a New Zealand winter.
The gene causing restricted herbicide translocation can be transferred in pollen moving from resistant plants to susceptible ones, although the progenies of pair-crossing between resistant and susceptible plants have intermediate levels of resistance to glyphosate compared with parent plants. Given that both ryegrass species outcross and are wind-pollinated, the glyphosate-resistance gene could spread via pollen from affected vineyards to ryegrass plants on neighbouring properties. However, the seeds produced would have lower levels of glyphosate resistance, and they may never germinate when grown in competitive pastures. Even if they did grow, these glyphosate-resistant plants would only cause a weed problem if they were later sprayed with glyphosate.
All of the glyphosate-resistant Italian ryegrass and perennial ryegrass populations were found to be resistant to glufosinate and some were even resistant to amitrole too. Amitrole has been used extensively in vineyards and orchards in New Zealand since the 1950s (Boyd 1964) so it is possible these populations have evolved resistance to amitrole earlier than when glyphosate resistance was detected. The resistance to glufosinate and amitrole is concerning as they are two important alternative chemicals within vineyards for glyphosate resistance management. The resistance of ryegrass weeds to three common herbicides suggests that weed management will need to include additional methods to control weeds effectively. For example, residual herbicides may need to become more common again in weed management programmes as these will diversify the herbicide modes of action within vineyards, and may be useful for stopping further resistant plants establishing after they have been controlled in late winter.
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